ABSTRACT This paper investigated the problem of overall gas holdup and the oxygen mass transfer in the internal loop airlift reactor by numerical modeling and experimental validation. The population balance model (PBM) was introduced as the general model to characterize the bubble behaviors, i.e., bubble breakage and coalescence. Bubble coalescence, as a result of fluid turbulent eddy, bubble rise difference, and bubble wake entrainment, was considered in the PBM kernels. Meanwhile, bubble breakage, owing to eddy collision and large bubble instability, was included in the PBM kernels. A class method was applied to numerically solve the population balance equations. Based on the lab-scale internal loop airlift reactor, experiments and CFD simulations have been carried on simultaneously. The comparison between them demonstrated that CFD simulation results had good agreement between the experimental data and validated the effectiveness of the PBM model indirectly. Therefore, the PBM-CFD modeling provides an effective method for the problem of scale up. Finally, the flow regime transition of gas holdup difference and small bubble volume fraction are investigated in an internal loop airlift reactor.
I. INTRODUCTION
In multiphase reaction processes, airlift reactors since its simple structure with no moving parts and low power consumption with good mixing [1] - [3] have become popular equipment for gas-liquid flows. Among different kinds of airlift reactors, the internal loop airlift reactor is widely used for its small land occupation, and intensive fluid circulation, and high mass transfer ratio [4] , [5] . A typical internal loop airlift reactor consists of a riser and a downcomer respectively. Since the gas holdup is different between the riser and the downcomer, the fluid density variation lead the liquid circulation in the internal loop airlift reactor. This circulation makes further effort to enhance the mixing process and induces great inter phase mass transfer [6] .
In recent years, investigations of the gas holdup, the bubble size distribution and the mass transfer coefficient in the internal airlift reactor have has been extensively completed since they are the most important hydrodynamic parameters for the reactor design, operation and scale up. Numerous investigation has been carried out for achieving better hydrodynamics characteristics in the internal airlift reactor. The 2D and 3D simulations focusing on the hydrodynamics of the two-phase fluid were carried out in a concentric sparged internal loop airlift reactor [7] . Three types of flow regimes with different bubble recirculation in an airlift reactor was studied [8] , as superficial gas velocity increased. The physical model based numerical simulation of mass transfer in two-phase bubbly flow was investigated in an airlift internal loop reactor [9] . The tendency of the hydrodynamics and mass transfer with different size sieve plates [10] and different sparges [11] were presented. The breakage and coalescence process in population balance equation can also be modeled by twodimensional Markovian jump systems with local state-space [12] , [13] . In former literatures, numbers of empirical correlations were raised to fit the fluid hydrodynamics. Nevertheless, these correlations were sensitively depended on the model constants which were determined by the tank geometry and operation conditions [4] .
The volumetric mass transfer coefficient k l a is the key globe parameter in internal loop airlift reactor, which can be measured through the experiment. However, the direct prediction of k l a is difficult, since its theoretical correlation of the macro-scale hydrodynamics and micro-scale interfacial phenomena is very complex. Therefore, in the simulation, k l a is deduced from the mass transfer coefficient (k l ) and the specific interfacial area (a). This separation can provide a comprehensive understanding of the mass transfer mechanism. The mass transfer coefficient k l is commonly predicted by the penetration model [14] and eddy cell model [15] . Other modified models were also raised as the surface renewalstretch model [16] and interface velocity gradient model [17] . Comprehensive literature review of the mass transfer models is reported by Kulkarni [18] . The specific interfacial area a is obtained from the Souter Mean Diameter and the overall gas holdup. The PBM is the wildly used method to predict the bubble size from which the SMD can be obtained in a gas-liquid multi-phase system. The multiple bubble behavior mechanisms for both coalescence (considering fluid turbulent eddy, various bubble rise velocities, and bubble wake entrainment), and breakage (including eddy collision and instability of large bubbles) can be implemented as the breakage and coalescence kernels in the PBM. Thus, the PBM-CFD simulation is a suitable method to predict the volumetric oxygen mass transfer in various gas-liquid multiphase systems [19] - [21] .
Homogeneous regime and heterogeneous regime are generally two typical flow regimes, corresponding to the various superficial gas velocity in an airlifted reactor. Under the low superficial gas velocity, the homogeneous regime appears. As the superficial gas velocity increases to a certain extent, the flow regime transfers to the heterogeneous regime. The transition of the flow regime is characterized by a remarkable gas holdup increasing slope variation with the superficial gas velocity [22] . In homogeneous regime, the bubble size distribution is strait and gas holdup is uniform. The turbulence of the liquid phase is relatively weak in the riser. And there is few bubble stagnation in the downcomer. In heterogeneous regime, the bubble size distribution is wild and gas holdup is non-uniform. The liquid phase turbulence is very intensive in the riser. Moreover, the bubble entrainment appears in the downcommer. The flow regime transition mechanism was investigated from the bubble size distribution by Wang et al. [23] . The apparent drop of the small bubble volume fraction demonstrated the flow regime transition from homogeneous to heterogeneous regime [24] .
In this work, the PBM was coupled with the CFD simulation to obtain the gas holdup, bubble size distribution and mass transfer in the internal loop airlift reactor with O-type distributor. The effectiveness of the PBM-CFD simulation result was validated by experimental measurement with various gas flow rate. The correlation between the flow regime transition and the volume fraction of small bubbles was also investigated for the internal loop airlift reactor. The simulation results with the PBM-CFD modeling, could reveal the dynamics behavior of bubbles and might contribute to achieve the optimal design and operation. It could provide some support for the engineers working on the analysis and synthesis of the resulting nonlinear system reactors with timedelays [25] , [26] .
II. PBM COUPLED CFD MODELING
In this work, the population balance model is adopted for modeling the bubble behaviors in internal loop airlift reactors. Population balance equation is given as following:
Where n(V , t) is the number density function of bubbles in different sizes. In Equation (1), terms (I-III) refer to time term, convection term and growth term, respectively. S is the source term, which results from the birth and death of bubbles due to the breakage and coalescence. In current work, the bubble growth is not taken into consideration since the pressure drop is small from the bottom to the top of the reactor. The phase change or reaction do not happen at the interphase surface in the air-water system. Hence, it is reasonable to neglect the term (III). The BoB and DoB refer to the birth and death of bubbles due to breakage (term IV), while the BoC and DoB mean the birth and death of bubbles due to coalescence (term V ).
A. BUBBLE BIRTH AND DEATH DUE TO BREAKAGE
Bubble breakage is caused mainly by turbulent eddy, while the bubble breakage occurs for large bubble due to bubble instabilities. In order to investigate the bubble size distribution in wild range of superficial velocity, leading the transition from homogeneous regime to heterogeneous regime, both two breakage mechanisms are considered in PBM for the bubble birth and death simultaneously. Moreover, only binary breakage is assumed, since any higher order breakage can be decomposed into multi-step binary breakage. For the bubble of volume V, the birth rate BoB and death rate DoB is given by:
Where g(V ) is the breakage frequency of the bubble with volume V , β(V |V ) is the probability density function of the bubble breakage from volume V to V .
The expression for the break-up kernel due to turbulence eddy, employed in this work, is developed in Equation 5-7. In the expression modification, the viscosity of the disperse phase is replaced by the viscosity of the continuous phase. This modification is carried out by assuming the surrounding liquid viscous stress is one of the forces components against the bubble breakage [27] . The equations of the breakagekernel follows:
Where ε is the turbulent energy dissipation rate. σ is the surface tension, ρ L is the liquid density, ρ G is the gas density, d is the parent particle diameter and µ L is the liquid viscosity. The model constants C br1 , C br2 , and C br3 are set to be 2.52, 0.04, and 0.01.
The bubble breakage appears more and more frequent on the interphase of the bubble, as the bubble excesses to over certain size. The bubble breakage resulting of the large bubble instability is expressed by:
d c2 is the critical diameter of the bubble. Under the assumption that the critical Weber number is equal to 100 in the airlift reactor multi-phase system, d c2 is set to be 27mm. It is suggested that b * and m take the value of 100 1/s and 6.0, respectively [28] . The mechanism of the breakage due to large bubble instability is still uncertain in the literatures, so the accurate expression of bubble breakage probability density function is unavailable. In this work, the equal binary breakage is carried out to simplify the bubble breakage process, as this method received a satisfactory result in Wang's work [23] .
B. BUBBLE BIRTH AND DEATH DUE TO COALESCENCE
The coalescence due to turbulent eddy is mainly dominated for the bubble coalescence. However, bubble coalescence due to wake entrainment cannot be ignored in high superficial velocity. Furthermore, bubble coalescence due to different bubble rise velocities noticeable and significant, since the bubble size is very sensitive to its rise velocity. Therefore, the three coalescence mechanisms mentioned above are included for the coalescence kernel in PBM simulation to predict the bubble size distributions from the homogeneous to heterogeneous regimes. Binary coalescence is assumed, since any higher order coalescence can be decomposed into multi-step binary coalescence. For the bubble of volume V , the binary birth rate BoC and death rate DoC is given by:
The term α(V , V ) means the probability of the bubbles of volume V and V collision and aggregated to the new bubble of volume V + V . It is expressed as follows:
Where α (V 1 , V 2 ) is the frequency of bubbles of volume V 1 and V 1 collision and p(V 1 , V 2 ) is the probability of that collision results in coalescence.
In this work, the Luo's coalescence Kernels [29] is used for the bubble coalescence due to turbulent eddies.
d i and d j are the diameters of the two bubbles. C co is the model constant, which is set to 0.88 for stirred reactors.
= α gmax /(α gmax − α g ). α gmax refers to the maximum gas holdup which is possible occur in the multi-phase system, which is set to 0be 0.8 [30] . ϕ i,j is the distance ratio of the bubble and its turbulence path length [31] . ε refers to the turbulent energy dissipation rate. Meanwhile, the coalescence probability p e V i , V j is expressed as:
Where x ij is the ratio of the diameter d i of the bubble of volume V 1 to the diameter d j of the bubble of volume V 2 , ρ G and ρ L refer to the density of the gas phase and liquid phase respectively, and the Weber number is defined as
ij /σ . Hibiki and Ishii's coalescence model is applied for the bubble coalescence due to wake entrainment. The intensive wake region is generated, when the large bubble forms the sphere-cap shape. Smaller bubbles nearby are prone to be attracted into the lager bubble when entering such bubble wake regions. Therefore, these bubbles wake entrainment result in bubble collision and coalescence. The large bubble collision frequency for wake entrainment has closed relation with both the number of bubbles and these bubbles slip rise velocity in the wake region.
The parameter d c is only considered the bubble larger than d c = 4 √ σ /g ρ, which is an effective wake region for bubble coalescence. c w is equal to -0.46. The following empirical correlation is used:
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The expression for bubble coalescence caused by various rise velocity is expressed as:
Where |u ri − u rj | is the relative rise velocity. The rise velocity of bubbles u ri can be obtained through the FanTsuchiya equation [28] . The coalesce efficiency caused by the various bubble rise velocity, P r d i , d j is set to be 0.5 for simplification.
C. VOLUMETRIC MASS TRANSFER RATE
As the PBM is implemented to predict the bubble size distribution, the bubbles are discreted with Class Method (CM), which the bin is divided into a number of groups according to their sizes. The interfacial area a is obtained from the gas holdup (ξ ) and SMD (d SMD ):
The Penetration model [12] is used models in this work, because the penetration model comparing to eddy cell model, is suitable for a wider range of operating conditions. Therefore, the mass transfer coefficient k L for a bubble with the slip velocity reads:
Where, D l is the oxygen molecular diffusivity, which is set to be 2.0 × 10 −5 cm 2 /s. v slip is the bubble slip velocity to the liquid velocity, which can be obtained from the phase velocities difference in the Eulerian multi-phase model. 
D. NUMERICAL STRATEGY
Three-dimensional transient and steady simulations are carried out with the commercial CFD software Ansys FLUENT 16.2. The iteration time step is set to be 0.001s. The residual errors is set to be 1e −5 . The initial injected bubble diameter is 3.6 mm, which is calculated with the correlation [33] . The information of the discrete method (Class Method, CM) in PBM is 30 Bins and 1.7 volume grow rate. The mean grids of 4 mm are applied for the meshing process, since it is reported that 4mm mean mesh size is more than sufficient to predict the hydrodynamics with a similar geometry in this study [34] . The total 124K meshes have been found to be adequate regarding the balance between computation accuracy and assumption, for the computational complexity is quadratic in the number of grids with the fixed pivot technique [35] . Eulerian multi-phase model is implemented with drag force [36] , virtual mass force [37] and transversal lift force [38] in the PBM. The PBM-CFD simulations are carried on a Lenovo ThinkStation with two Xeon E5-2680 processors and NVidia GPU acceleration.
III. EXPERIMENTAL SECTION A. EXPERIMENT SETUP
The structure diagram of the experimental apparatus is shown in Fig. 1 The nozzle with a diameter of 0.24 m is constructed of a copper tube whose diameter is 6 mm. Sixty-four pores of 1mm diameter are spaced equal intermit at the bottom of the O-ring nozzle along the circumference. Water, which is provided from the tap water, and air, which is pumped by a low power air-pump, are adopted as the experimental fluids.
A ruler is glued to the outside wall of the reactor for monitoring the liquid level. A rotameter is arranged between the air-pump and O-ring nozzle to quantificationally control the inlet air flow. Nine dissolved oxygen electrodes, which are used to measure the concentration of the dissolved oxygen in the water, are divided into three groups with three in a group: one group (PO 2 7-9) is inserted into three different positions of the inside column with vertical alignment, while the other groups (PO 2 1-6) are arranged at six different positions of the outside column. A dissolved oxygen analyzer transfers the polarization current signal to 0∼5V voltage signal. A set of data acquisition system consisting of an analogy-to-digital circuit board and a computer is designed to obtain the realtime experimental data. Liquefied N 2 is used to extrude the dissolved oxygen in the water.
B. METHODOLOGY ON THE APPARATUS
As for the volume expansion theory, read the liquid level H 0 , H 1 before and after aerating into the reactor. Then the overall gas holdup could be calculated by:
The k L a is mensured by the dynamic gas out method (GOM) [39] . The nitrogen gas is firstly injected into the column to remove the oxygen originally dissolved in the water. Afterwards, the nitrogen fedding is stopped and the fresh air is pumped through the O-type distributor. The-dissolved oxygen concentration is sampled by the nine PO 2 1-9 electrodes in time series, refer to Fig. 1 . The measurement stops after the dissolved oxygen concentration is saturated. Since the oxygen concentration in the gas phase is constant and the mixing process is assumed to be ideal in the column, the volumetric oxygen transfer coefficient k L a a is calculated by Chisti [2] :
Where C I 0 is the initial dissolved oxygen concentration and τ p is the DO electrode time constant. If the time constant of the reactor, τ R = 1/k L a, is assumed to be much greater than τ p , according to [40] , Equation 23 . is simplified by neglecting k L a · τ p term: The measurement procedure of the dissolved oxygen concentration and KLa with 1.75e-3m/s superficial velocity is shown in Fig. 2 and 3 .
IV. RESULTS AND DISCUSSION

A. OVERALL GAS HOLDUP
Generally, there are two typical flow regimes in the internal loop air-lifted column depending on the gas flow rate [41] . The homogeneous regime, which is regarded as a consistent radial gas holdup with a uniform bubble size distribution and the poor flow turbulence in the riser; the heterogeneous regime, which enjoys a wide distribution of bubble size due to the bubble coalescence and breakage in the relative strong flow turbulence in the riser, where there forms a main stream tunnel for clusters of bubbles rising. The both simulation and experimental results of gas holdups against different gas flow rates are shown in Fig. 4 . And the comparison of the simulation and experiment of the gas holdup with 10% error is presented in Fig. 5 . It is obvious that the gas holdup increases when the gas flow rate rises. The gas holdup increases rapidly before 1.75e −3 m/s, while increases slightly with more gas flow rate increasing. Thus, the flow regime transition can be identified at approx. 1.75e −3 m/s. from the slope changes of gas holdup. In the homogeneous regime, the gas holdup increases rapidly as gas flow rate increases, since bubble coalescence seldom happens in the bubble flow. This slope of the gas holdup increasing becomes slight in the heterogeneous regime. The reason is that bubble-wake attraction effect is remarkable to generate more large bubbles in the heterogeneous regime.
The fluid density difference between the riser and downcomer is the dominating driving force to form the liquid circulation in the internal loop airlift reactor. Therefore, the trend of gas holdup difference between the riser and downcomer, as the main reason leads to the fluid density difference, is able to reflect the flow regime transition. The gas holdup difference between the riser and downcomer with the super- ficial velocity is shown in Fig. 6 . In the homogeneous flow regime, few bubble entrainments happen in the downcommer due to the low flow circulation. The gas holdup in the downcommer increases much slower than that in the riser with the superficial gas velocity. Therefore, the gas holdup difference increases relatively fast in homogeneous regime. In the heterogeneous flow regime, when the superficial gas velocity increase, the intensive bubble coalescence slows down the increase of the gas holdup in the riser. On the other hand, as overall liquid circulation becomes more and more strong, the massive velocity promotes more bubbles entraining into the downcomer. Therefore, the gas holdup increase rapidly in the downcomer. Nevertheless, these two results interact with each other. The overall result shows in a relatively slow increase of the gas holdup with gas flow rate rise in the heterogeneous flow regime.
B. VOLUMETRIC OXYGEN MASS TRANSFER
The validation comparison of volumetric mass transfer coefficients between the PBM-CFD simulation and experiment in a wide range of gas flow rate. The slope of the volumetric oxygen transfer coefficient is similar to that of the gas holdup with the gas flow rate. Many other researchers also found this consistent result. Moreover, they found that the term k L a/ξ is independed on the superficial gas velocity [37] , [38] . This indicates that the volumetric oxygen transfer coefficient and overall gas holdup are effected the that the flow regime transition. The slip penetration model were tested with various model constant (C p ). The results demonstrated that the CFD-PBM is able to predict the gas holdup and the volumetric mass transfer coefficient. The slip penetration models can have good agreement with the experiment under, a modification of the model constant. With C p = 0.7, the simulation results fitted the experimental result most. Fig. 7 shows that the CFD predictions of overall volumetric oxygen transfer coefficient agree well with experimental data. And the comparison of the simulation and experiment of the volumetric oxygen transfer with 10% error is presented in Fig. 8 . Fig. 9 shows the simulated the bubble size distribution at different gas superficial velocities. At the superficial gas velocity 0.98e −3 m/s and 1.32e −3 m/s in the homogeneous regime, the majority of the bubble are concentrated in the bin of 3.5mm∼4.5mm, which is around the initial bubble size from the sparge. This result demonstrates that bubbles rise through the riser with little coalescence and breakage in the homogeneous regime. With superficial gas velocity increasing to 2.15e −3 m/s and 2.87e −3 m/s in the heterogeneous regime, a secondary peak appears on the the bubble size distribution histogram with the diameter larger than 10mm. This phenomenon has been reported that a bubble size distribution that was initially unimodal progressively became bimodal as the gas superficial velocity increased in experiment [44] . Therefore, the 10mm is set as the critical bubble size for the air-water system.
The variation of the volume fraction of bubbles smaller than 10 mm with the superficial gas velocity is presented in Fig. 10 . It can be seen that the volume fraction of small bubbles has a sharp decrease at the superficial gas velocity of about 1.75e −3 m/s. In homogeneous regime, most gas phase presents narrow bubble size distribution with low flow rate; when the superficial gas superficial velocity is higher than 1.75e −3 m/s, the small bubble volume fraction dramatically drop, which is a indicator of the flow enters the heterogeneous regime. 
V. CONCLUSION
As a key factor to product formation in biological processes, the oxygen transfer rate is largely related to the bubble distribution and gas holdup. In this work, the PBM model of bubble coalescence kernel (considering turbulent eddy, different bubble rise velocities and bubble wake entrainment) and bubble breakage kernel (including eddy collision and large bubble instability) is adopted to describe the bubble dynamics of an internal loop airlift reactor. A CFD simulation integrated with the PBM model is carried out simultaneously. This model is a generic method without the limitation of flow regime or geometry size. In order to validate the simulation results, a refined experiment is designed to measure the gas holdup and volumetric oxygen transfer coefficient and specific interfacial area, are selected as the assessment indices. Good agreement is found through the comparison between the simulation and the experiment. The CFD-PBM approach provides the effective method to investigate the scaling up problem. The regime transition is discussed from the view of the gas holdup difference of riser/downcomer and small bubble number fraction, which offers other theoretical approach for the flow regime classification in internal loop airlift reactor.
In the future, it is necessary to provide some works on the analysis and synthesis for the resulting nonlinear systems with time-delays. For the reactor process dynamics, the fuzzy model is an elegant tool to approximate the nonlinear system, when the reliable output feedback control of discrete-time fuzzy affine systems with actuator faults.
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